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X-ray imaging optics have been essential diagnostics in inertial confinement fusion research. A micropellet (<1 mm diameter) is irradiated by a large multibeam laser system. This pellet is imploded to create a thermonuclear fusion condition, making use of the inertia of the imploding pellet wall. It is of critical importance for inertial confinement fusion to measure nonuniformities at the implosion core (-100 gim) or the laser spot in order to drive the pellet to a high density. Such measurements require a spatial resolution of less than 1 gim. Three types of x-ray microscope have been typically known to offer fairly good resolution: Wolter," 2 zone plate, 3 and Schwarzschild48 types. We have chosen to build a Schwarzschild-type x-ray microscope with a magnification of 15. This x-ray microscope can be applied to fields other than laser fusion, such as lithography, 6 biology, 9 "1 0 and medicine. It can be a powerful tool when coupled with laser plasma x rays (LAPLAX), since the high brightness and temporal resolution (<1 nsec) of LAPLAX is added to the high spatial resolution.
Recently there have been several attempts to develop Schwarzschild x-ray microscopes. Some of these microscopes had a spatial resolution higher than 0.2 ,gm and diffraction-limited performance. 7 However, most of the instruments use wavelengths exceeding 10 nm, exhibit demagnified images, 5 -7 and use synchrotrons as x-ray sources. 6 ' 7 For the case of LAPLAX, multiple pulses were needed to obtain an image. 5 In biology and medicine it is important to use a single pulse of LAPLAX, since high temporal resolution and minimum radiation damage are necessary. In addition, the shorter wavelength (at least less than 10 nm) is desirable in x-ray lithography.
In this Letter we present the development of a Schwarzschild-type x-ray microscope. This microscope images with a magnification of 15 (Ref. 4) at an x-ray wavelength of 7 nm. With a bright LAPLAX, an exposure time of less than 1 nsec can be obtained.
Ray traces have been calculated for a working distance (the separation between the object point and the image point) of 1500 mm and a magnification of 15. These values were determined by taking into account our implosion experimental conditions. Based on these calculations an optimum design was chosen, as shown in Table 1 .
A spatial resolution was also calculated based on these parameters. In this calculation x-ray scattering due to the surface roughness of both mirrors was taken into account. The x-ray scattering angle is given by"' Ads = 416,7r 2 
,
2 /Xl 0 , (1) where Ads is the scattering angle, af is the rms height of the mirror surface roughness, X is the x-ray wavelength, and lo is the scale length of the mirror. Equation (1) indicates that the spatial resolution degrades as the x-ray wavelength becomes shorter and the rms height becomes larger. A ray-trace calculation showed that the spatial resolution had an almost linear dependence on the rms height. The best spatial resolutions were calculated for rms heights of 0.3 and 0.6 nm. The value of 0.3 nm corresponds to the surface roughness of the quartz mirror substrate. The value of 0.6 nm corresponds to an estimated value of the interfacial roughness of the multicoated layers for the Schwarzschild-type x-ray microscope as described below. For a height of 0.3 nm the best spatial resolution was 0.08 ,gm within a +100-pm field of view. For a height of 0.6 nm the spatial resolution was 0.3 ,gm. The surface figures of the mirrors were measured by a Zygo Mark 4 interferometer, and the value was X/10 at To produce the x-ray mirrors, Ni and C layers were deposited onto quartz substrates by using an electronbeam evaporation method.' 2 With this method it is possible to form large uniform layers (as much as 150 mm in diameter). The surface roughness of the substrate was measured to be 0.3 nm (rms) by a WYKO optical heterodyne profilomneter. The thicknesses of the Ni and C layers were 1.2 and 2.3 nm, respectively, corresponding to an x-ray wavelength of 0.7 nm. Many mirrors were test coated with a varying number of layer pairs (20 to 40). Test pieces were also coated at two substrate temperatures, room temperature and liquid N 2 temperature.
The reflectivities were measured with Cu Ka (0.154 nin), Al Ka (0.834 nin), and C Ka (4.48 nm) line x rays. The reflectivity at liquid N 2 temperature could be two times higher than that at room temperature. The reflectivities depend on the number of layer pairs. A peak value was obtained with 30 layer pairs. For example, the reflectivity was 6% at the Al Ka line x ray (0.834 nin). The observed reflectivities were always smaller than the calculated reflectivities. These differences may be attributed to a combination effect of interfacial roughness and interdiffusion between the Ni and C layers. The effective roughness was estimated to be 0.6 nm. With this estimated value of interfacial roughness and interdiffusion of 0.6 nin, the observed reflectivity was in good agreement with the calculated ones. Using the experimental and calculated incident angle dependences, we expect a reflectivity of -1-2% at normal incidence.
The spatial resolution was measured using LAPLAX. Figure 1 shows the experimental setup. The fourthharmonic light (263 nm) of a Nd:glass laser was used to irradiate 0.2-gm-thick Au foil. The beam energy was 3-6 J, with a pulse width of 400 psec and a focal spot diamter of 200 gAn. Under these laser conditions a high x-ray conversion efficiency (-80%) can be obtained,1 3 which provides a bright source of soft x rays.
A 1-gum CH filter coated with 0.1Jgm of Mo and 0.1 gAn of Ag was placed in front of the microscope in order to block plasma particles and strong scattered light. The soft-x-ray transmission of the filter was estimated to be 15% at 170 eV. Four filters were set on a rotating filter holder and could be selected without opening the vacuum chamber.
In this experiment a 0.2-gAm-thick free-standing Au foil was used as an x-ray target. With the 25-75% contrast, a spatial resolution of 0.5 Am was
achieved.
x-ray microscope. The x-ray images were recorded on Kodak 101-07 x-ray films. Fig. 3 . The spatial resolution, estimated at 25-75%, was found to be -0.5,gm. This value might be an underestimation compared with a value found from a criterion of modulation transfer function 5%.
This resolution was worse than the calculated value of 0.33 gim. The thickness of the mesh bars may be responsible for the degradation. The x-ray flux is separated into three parts. One part is not obscured by the mesh bar. This area contributes to expose the x-ray film. Another part is blocked perfectly by the mesh bar. This area corresponds to the dark area on the x-ray film. The third part is partly covered by the mesh bar. Thus this flux forms a gray area. It is this part that degrades the spatial resolution of the x-ray microscope. This size of the gray area was calculated to be 1.2 gim, with a half solid angle of 70 of our microscope and a mesh bar size of 10 gim. In this experiment the mesh was attached to the Au foil. This calculated result shows that the spatial resolution degrades to -0.6,gm by the obscuring effect of the mesh.
In summary, we have constructed a Schwarzschildtype x-ray microscope. Ray traces have been calculated, which took into account x-ray scattering due to the surface roughness and the role of the surface figure of both mirrors. The optimum design predicted a spatial resolution of -0.33 gim. Multilayer mirrors were fabricated for the microscope. The reflectivity of 6% at the Al Ka line x ray could be obtained by cooling the substrate with liquid N 2 during the electron-beam deposition. The microscope operates at a wavelength of 7 nm with a magnification of 15. We have demonstrated the imaging capability of this microscope by recording images of Cu meshes attached to the 0.2-gmthick Au foil irradiated by 263-nm pulsed laser beams. The backlit mesh images were recorded on x-ray films. A spatial resolution of less than 0.5 ,gm was determined from the data.
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